Abstract: A common garden study investigated growth, morphology, and cold hardiness of yellow-cedar (Chamaecyparis nootkatensis (D. Don) Spach) seedlings originating from seed that had matured at an accelerated rate. This early maturing seed, produced at a low-elevation southern Vancouver Island seed orchard, was known to have similar germinability and seedling morphology as high-elevation normally maturing seeds. Population differences in 3-year-old seedlings were evident only in shoot harvest index (ratio of stem/shoot dry weight). The amount of stem elongation that occurred prior to the formation of secondary foliage (juvenile height) and harvest index were weakly correlated with source elevation at which maternal parents were developed. Traits that exhibited no discernable differences between progeny from early maturing seed and the control normally maturing seed included midwinter cold hardiness testing and selected measures of shoot morphology and growth. The control seedlings had significantly less height growth prior to the transition of primary foliage to secondary foliage formation than did the seedlings originating from early maturing seed.
Introduction
Although the rate of embryo development in yellow-cedar (Chamaecyparis nootkatensis (D. Don) Spach) is extremely variable among sites, mature seeds are normally shed between 17 and 21 months after pollination (Owens and Molder 1975) . Pollination takes place in the spring following the year in which pollen and seed cone buds are initiated. On a typical high-elevation site, seeds only partially develop during the year in which pollination takes place, with subsequent embryo development resuming the following spring. Owens and Blake (1985) hypothesized that the 2-year period for seeds of this species to mature following fertilization may be an adaptation to short growing seasons, which occur at the high elevations where yellow-cedar is most prevalent. Owens and Molder (1975) suggested that embryo development is dependent on temperature and will continue as long as temperatures do not drop prohibitively low (coinciding at lower elevations with average minimum temperatures just below freezing).
When yellow-cedar progeny are grown in low-elevation seed orchards in mild and relatively drier climates such as those found on the Saanich Peninsula on southernmost Vancouver Island, seeds sometimes develop at an accelerated rate and may be shed as early as 8 months following pollination (El-Kassaby et al. 1991) , thus exhibiting a plastic behavior in the length of time needed for reproductive maturation. Concerns about the viability and quality of early maturing seed were addressed by El-Kassaby et al. (1991) and El-Kassaby (1995) , who found no adverse effects of an abbreviated reproductive cycle on seed germination or embryo morphology.
A further concern is the possibility of environmental preconditioning of seed or the influence of the maternal parent, which might affect subsequent seedling development. Numerous examples of maternal effects in plant species, where the maternal parent exerts a greater influence on its progeny than expected under the assumption of equal chromosomal contributions by each parent, have been described (e.g., Roach and Wulff 1987; Gutterman 1992; Rowe 1964; Farmer 1997) ; most investigations involved crop or herbaceous species, and most were concerned only with observed effects in seeds.
Maternal effects may be caused by cytoplasmic inheritance (Roach and Wulff 1987) . However, in a number of gymnosperms studied, including some members of the Cupressaceae, cytoplasmic inheritance is paternal (Wagner 1992) . The haploid megagametophyte tissue, containing stored nutrient materials, and seed coat (in particular, its structure or permeability characteristics), which both originate from the maternal parent alone, may affect a number of traits such as seed size and subsequent seedling size, seed dormancy, and germination. The environment or genotype (or the interaction between genotype and environment) of the maternal parent may influence the structure or physiology of its progeny (Roach and Wulff 1987) .
Environmental factors acting on the maternal parent known to cause after-effects in seeds include temperature, nutrition, photoperiod, exogenous hormonal treatments, drought stress, and elevation (Johnsen 1988; Roach and Wulff 1987; Gutterman 1992; Dorne 1981) . Noland (1984) and Farmer (1997) described examples of environmental influences on seed dormancy of coniferous species. Seedling and adult stage phenotypes that may be altered by maternal effects include various leaf habit and seedling growth measures (Roach and Wulff 1987) . Rowe (1964) discussed numerous examples that gave evidence of the effects of seed preconditioning on subsequent plant growth, including seedling vigour and earliness of flowering in progeny. He suggested that environmental preconditioning may be at play in a forestry context when moving seed sources to distant seed orchards and provenance-testing nonlocal sources.
Genetic changes induced by environmental stresses imposed on the parent, although rare, have been described for a few crop species (e.g., Durrant 1971; Highkin 1960; Perkins et al. 1971) . Genetic changes could occur either before or during meiosis, by a transposition event or through changes in the repetitive DNA, or after meiosis, where gamete or embryo selection may occur at one of several stages (Johnsen 1988) . While both nuclear genetic and cytoplasmic genetic maternal effects would be expected to persist throughout an organism's lifetime and beyond to further generations, nongenetic effects, including correlations between seed size and subsequent seedling size, are expected to be transient, declining over time. Johnsen (1988 Johnsen ( , 1989a Johnsen ( , 1989b and Johnsen et al. (1989) found differences in a number of seedling growth and adaptability traits among Norway spruce (Picea abies (L.) Karst.) progeny grown from seed collected in northern Norway and progeny derived from seed from the same parental sources but produced in a southern seed orchard. These differences were observed for at least 7 years. Similar effects were noted when progeny of Norway spruce from high elevations were compared with the same sources grown at a low-elevation seed orchard. The authors proposed that the parental environment in the southern seed orchard may have altered genetic performance of the progeny, which behaved more like southern provenances. Rowe (1964) suggested the possibility of developing customized seed sources using preadaptation, by manipulating controlled environments, to shape a plant for a particular locale. Sorensen and Campbell (1985) obtained increases in seed weight by increasing microclimate temperature of female strobili within pollination bags; seedlings grown from the bagged seeds had an increased volume of 12.5% 2 years after germination than seeds originating from unbagged strobili. The implication of preconditioning observed in seed orchards would be a need for detailed examination of common seed orchard management practices such as applying growth hormones to stimulate reproductive bud formation and fertilizer and watering regimes.
The purpose of this study was to compare the growth, morphology, and cold hardiness of seedlings grown from yellow-cedar seed that matured during an abbreviated reproductive cycle in a low-elevation seed orchard having a mild climate with high-elevation seedlings grown from normally maturing seed. This study is a continuation of the investigation into seed properties of accelerated-grown seeds of this species (El-Kassaby et al. 1991) to describe potential phenotypic effects at the seedling stage.
Materials and methods

Methods
The six yellow-cedar sources for this study (Table 1) originated from wild seedlings of an unspecified age from a number of high-elevation southern Vancouver Island sites. The seedlings were excavated and transplanted in May 1974 to the yellow-cedar seed production area of the former Pacific Forest Products Ltd. at the Saanichton Seed Orchard on southern Vancouver Island (48°35′N, 123°24′W, 50 m elevation). During March 1989, trees were pollinated with bulked pollen composed of eight male contributers from the seed production area. Sources for the pollen mix were from the same provenances as the female parents (Table 1) , but all pollen came from individuals not included as a maternal parent in this study. One additional provenance (Walker, 48°31.11′N, 123°58.29′W, 700 m elevation) was included as a pollen source in the polymix. Subsequent cone collection occurred in January 1990 after a maturation period of 10 months, when cones were first observed to be opening. Control seeds, which had matured in the wild under a normal length of time for this species, were collected from trees of a stand at West Leech River, the only provenance of the seed production area trees from which naturally produced seed was available.
Seed was extracted after air-drying cones at room temperature and stratified using the following regime: 1 week soak at room temperature, then 1 month warm (20°C) stratification followed by 3 months cold (1-3°C) stratification. Further details regarding pollination and germination methodology are provided in El-Kassaby et al. (1991) . Control and accelerated-grown seed was sown in the spring of 1991 into Styroblock 415-D ® containers (cavity: depth 152 mm, diam-eter 42 mm, volume 170 mL with 364 plants/m 2 density) and grown for one season as container stock. In the fall of 1991, seedlings were transplanted into a common garden at the Saanichton site in a completely randomized design, with four five-tree row plots per provenance. Trees were not fertilized and were watered only when necessary to prevent serious drought stress.
During the winter of 1992-1993, after seedlings had spent one growing season in the field, frost hardiness measurements were made on four of the accelerated-grown populations plus the control population; equipment constraints prevented the testing of all populations. Testing was conducted on four test dates between early winter and spring, with four test temperatures per date: -18, -24, -30, and −36°C on December 8; -25, -31, -37, and -43°C on January 12; -25, -33, -41, and -49°C on February 9; and -6, -12, −18, and -24°C on March 23.
Frost testing was performed using the electrical conductivity test based on the methods of Glerum (1985) . On each test date, branch samples from four trees per population were collected. Five rinsed foliage samples, about 5 mm in length, from a single tree were placed into each of five 20-mL glass scintillation vials, one per test temperature. The test jars were immediately placed into a portable cooler containing freezer packs and brought to the University of British Columbia in Vancouver for testing.
Control samples from each population were kept in a darkened cooler at 3°C during the frost test procedure. Test samples were placed into racks that allowed for air flow between vials and put into a programmed biofreezer unit. After stabilizing at 2°C for 1 h, the freezer temperature was decreased at a rate of -5°C/h until the first desired test temperature was reached, held for 1 h, then the first set of samples was removed under dark conditions. These samples were placed in the dark cooler and allowed to thaw gradually overnight at 3°C. The remaining samples in the freezer were cooled at -5°C/h until the second test temperature was reached, held for 1 h, then the next set of samples was removed. This process was repeated until all test temperatures had been reached, and all samples were removed from the freezer and placed into the cooler.
The following day all vials, including those of the unfrozen controls, were removed from the cooler. A volume of 15 mL of distilled, deionized water was added to each jar, and samples were left at room temperature. After 24 h, vials were shaken, and the electrical conductivity was measured. Samples were then completely killed by placing the vials into a 60°C water bath for 45 min. Jars were left at room temperature for a further 24 h; a second conductivity measurement was then taken on each jar.
The amount of injury resulting from freezing to a certain temperature was calculated for each sample using the following formula (Glerum 1985) :
where I t is index of injury (%), RC frozen is the relative conductivity of frozen sample, and RC control is the relative conductivity of control sample: RC electrical conductivity of frozen sample elect frozen = rical conductivity of frozen killed × 100 RC electrical conductivity of control sample ele control = ctrical conductivity of control killed × 100
The I t values per tree were plotted against test temperatures. From these graphs, the temperature at which 50% of injury would occur (LT 50 , lethal temperature for 50% of the population) was estimated for each tree. Seedling height (Ht), root collar diameter (RCD), and shoot dry weights (ShDW) were measured in the fall of 1993, after three growing seasons, on all seedlings in the common garden. Shoots were separated into stem (SDW, stem dry weight) and branch (BDW, branch dry weight) portions prior to weighing. Root dry weights were not measured because of the difficulty of excavating complete root systems from the soil. The shoot harvest index (HI = SDW/ShDW), an indication of biomass allocation between the stem and the lateral branches including foliage, was estimated.
Various shoot morphology measurements were taken to investigate shoot architecture (Fig. 1) . The height of tree from the root collar to the point where primary foliage changes to secondary foliage formation ("juvenile" height, JHt), height from root collar to the longest lateral branch (HtLB), and height from the root collar to the base of the terminal branch (HtTB) were taken. The length of the longest lateral branch (LLB) and length of the terminal branch (LTB) were also measured.
Data analysis
Analysis of variance (ANOVA) was used to analyze the data. The model used for analysis of growth and shoot morphology data was
where P is population and R is plot. For all ANOVA, effects were considered to be random. Because of an unbalanced data set, SAS ® PROC GLM was performed, using type IV sums of squares. Planned contrasts were made between the normally maturing control population (N) and the accelerated-grown populations to test the following hypothesis:
A planned contrast between the control and the accelerated-grown population originating from the same provenance (West Leech River) was also determined, using the following hypothesis:
Analyses of variance were estimated for frost hardiness parameters on each test date using the following linear models:
where P is population and T is test temperature. A planned contrast was made between the normally maturing control population and the four accelerated-grown populations to test the following hypothesis for both I t and LT 50 values:
For the I t values, contrasts were carried out for each test temperature per test date. A planned contrast between the control and the accelerated-grown population originating from West Leech River was also made for both I t (by test temperature) and LT 50 values, using eq. 4.
Simple linear regressions were carried out to detect the influence of elevation on all traits, using the general equation of
Results
Mean values for various growth and shoot morphology traits are listed in Table 1; Table 2 presents ANOVA results for these traits. Only a single trait, harvest index, differed significantly among populations. Plot effects were evident in most measured traits.
After the 1993 growing season, seedlings from the control population differed significantly from seedlings of the accelerated-grown populations in juvenile height, root collar diameter, and harvest index (Table 2) , with the control seedlings having the least amount of stem height growth prior to the transition of primary foliage to secondary foliage formation, the smallest root collar diameter, and the lowest harvest index. Planned contrasts between the control and the corresponding accelerated-grown population from West Leech River also showed a significant difference in juvenile height, with the accelerated-grown West Leech River seedlings having a greater amount of juvenile stem elongation than the control seedlings (Table 2) .
The frost index of injury differed significantly among populations on three of four test dates from midwinter to late winter (Table 3) , but the control population differed significantly from the accelerated-grown samples and from the West Leech River accelerated-grown population only at the two intermediate test temperatures on December 8, when trees were still in the process of acclimatizing. Significant Fig. 1 . Seedling shoot measurements: JHt, juvenile stem height prior to secondary foliage formation; HtLB, stem height to the longest lateral branch; HtTB, stem height to the base of the terminal branch; LLB, length of the longest lateral branch; LTB, length of the terminal branch. differences among populations and between the control and accelerated-grown trees and control and West Leech River with respect to LT 50 were noted only for one date, December 8 (Table 4 , Fig. 2) . Thus, the 2-year-old accelerated-grown progeny showed no detrimental effects in winter cold hardiness levels, at least during the period between midwinter and early spring, from the time just prior to when trees were experiencing maximal hardiness levels, estimated to occur around the end of January (Silim and Lavender 1994) , through the period of deacclimation.
Juvenile height (r 2 = 0.088, p = 0.0004) and harvest index (r 2 = 0.045, p = 0.016) increased slightly with increased elevation of the provenance, but these trends were weak.
Discussion
Three years after germination, most growth and morphological traits did not differ significantly among yellow-cedar seedlings originating from seed that matured 1 year earlier than the norm for this species in comparison with seedlings originating from a point source representing a normally maturing yellow-cedar seed reproductive cycle. The acceleratedgrown seedlings had a greater amount of stem growth prior to exhibiting secondary foliage than trees originating from the normally maturing seed. The amount of juvenile stem growth apparently had no noticeable long-term effect on growth or cold hardiness traits. The accelerated-grown seeds, which developed in the seed production area at a lower elevation and longer growing season than those of the control, may have undergone some type of environmental preconditioning, which affected early growth responses. If the change from primary to secondary foliage formation is associated in some way with a general increase in overall seedling hardiness, the greater amount of juvenile height of the seedlings from accelerated-grown seeds when grown in a mild low-elevation common garden may be associated with an ability to capitalize on a more favourable growing environment.
It is possible that one effect of a shortened seed maturation time could be that certain biochemical or hormonal processes might be altered from those of normally maturing seed; thus, a longer period may be required postgermination for seedlings originating from accelerated-grown seed to approach a similar stage of development as seedlings grown Can. J. For. Res. Vol. 32, 2002 from normally maturing seed. However, this study showed no support for such a hypothesis. It is unlikely that any longterm effects will appear as the trees mature. These findings do not preclude the possibility that gametic selection at the time of fertilization may be occurring based on environmental conditions prior to or during receptivity. Seven years after germination, seedling height differences of 15% were observed between Norway spruce seedlings originating from seed of parents from northern Norway transferred to a southern seed orchard and their half-sibs grown in their natural environment (Johnsen 1988) . In addition, vegetative shoot phenology and frost hardiness of these trees differed. These differences were interpreted as being too large to be caused by seed mass effects on seedling size and were inferred to be due to genetic changes induced by environmental effects acting on the maternal parent. By contrast, identical controlled crosses were made in three Scots pine (Pinus sylvestris L.) replicated clonal archives in Sweden (Johnsen 1988) . Resulting progeny exhibited height and, to a lesser extent, frost hardiness differences in 1-year-old seedlings, but by age 2, frost hardiness differences were minimal, leading to the conclusion that differences were temporary and nongenetic. The response in yellow-cedar to transfer appears more similar to the transient nature of Scots pine than to that shown by Norway spruce.
An obvious drawback to the current study was the lack of more than one wild stand population from which normally maturing seed could be obtained. Without another wild stand population to compare with, it is impossible to determine whether the control was representative of other normal wild stands. However, growth of seedlings originating from the control did not appear atypical of seedling growth observed in this species under similar growing conditions. As yellowcedar is well known for having infrequent seed years and normally does not have heavy seed yields under natural conditions or high seed germination rates, further studies of this nature would be well advised to time the work with years in which wild stand populations are expected to produce good cone crops.
The findings from this experiment concur with others (Russell 1993; Cherry and Lester 1992; El-Kassaby et al. 1991; El-Kassaby 1995) that yellow-cedar displays phenotypic plasticity in a number of traits. The indeterminate nature of shoot growth in this species makes it amenable to plastic growth responses. Our results plus those of ElKassaby et al. (1991) support the hypothesis of Owens and Molder (1975) that seed development is temperature dependent and has a plastic response to ambient conditions. As suggested by Owens and Blake (1985) , yellow-cedar appears to have adapted to shorter growing seasons at high-elevation sites by responding in an opportunistic manner with regard to cone maturation and seedling growth to favourable temperatures.
The results of this study indicate that if any environmental preconditioning has occurred in the accelerated-grown seed, the effects on seedling development are transient only. Hence, if adequate conditions are present, a shortened seed maturation period is sufficient to produce viable seed and normal seedlings. Therefore, these results are encouraging for the production of yellow-cedar seed in favourably located seed orchards, where the length of time to produce a cone crop may be shortened without any evident detrimental effects on seedlings subsequently grown from such crops. 
